Abstract. MicroRNA (miRNA) is a type of endogenous non-coding RNA implicated in various cellular processes. Studies have shown that miR-124 is involved in the malignant progression of cancer, but little is known concerning its potential role in breast cancer. Therefore, the purpose of this study was to conduct a functional analysis of miR-124 in breast cancer, and to identify its target genes in this disease. To this end, we used quantitative real-time PCR to examine the expression level of miR-124 in breast cancer tissue specimens and cell lines. To study the functional significance of miR-124, we overexpressed miR-124 with miR-124 mimics and observed breast cancer cell proliferation, colony formation, migration, and invasion abilities by in vitro cell culture experiments. Target prediction algorithms and luciferase reporter gene assays were used to identify the target genes of miR-124. We also knocked down miR-124 targets using short hairpin RNA (shRNA) constructs, and observed associated breast cancer cell characteristics by in vitro cell culture experiments. We found that miR-124 expression significantly decreased in breast cancer tissues and cells compared to normal tissues and cells. In addition, cell proliferation, colony formation, migration, and invasion were decreased after overexpression of miR-124 in breast cancer cells. Furthermore, we used several algorithms to identify the snail family zinc finger 2 (SNAI2) as a potential target gene of miR-124. The protein expression level and luciferase activity of the 3'-untranslated region of SNAI2 were significantly decreased in breast cancer cells transfected with miR-124 mimics. Cell proliferation, colony formation, migration, and invasion were also decreased after knockdown of SNAI2 by shRNA. In conclusion, our data suggest that miR-124 expression is decreased in breast cancer and plays an important role as a tumor suppressor gene by targeting SNAI2. These findings may reveal novel perspectives for clinical treatments against breast cancer.
Introduction
MicroRNAs (miRNAs) are endogenously processed non-coding RNAs that regulate gene expression by blocking translation or decreasing mRNA stability (1, 2) . Since the discovery of miRNAs in 1993 (3), they have been shown to affect multiple cellular processes (4) , and in particular, play significant roles in cancer development and progression (5) . miRNAs can function as tumor suppressors or oncogenes, depending on their specific target genes (6, 7) . For example, miR-145, miR-335, miR-125b-1, miR-126, miR-15a, miR-16-1, miR-31, and miR-335 are all tumor suppressors for specific cancer types (8) (9) (10) (11) . Recent studies have shown that miRNAs are involved in the malignant progression of breast cancer (12) (13) (14) . In particular, miR-124 is a brain-enriched miRNA that plays a crucial role in gastrulation and neural development (15, 16) , and its deregulation is related to carcinogenesis. The expression level of miR-124 is significantly decreased in glioma, medulloblastoma, oral squamous cell carcinoma, hepatocellular carcinoma, and bladder cancer, suggesting that it may function as a tumor suppressor (17) (18) (19) (20) (21) (22) . However, its function in breast cancer remains unclear. Furthermore, the molecular mechanisms by which it modulates the malignant phenotype of breast cancer cells are not fully understood.
In the present study, we used quantitative real-time PCR (qPCR) to demonstrate that the expression of miR-124 in breast cancer tissue is decreased compared to corresponding adjacent normal tissue. In addition, miR-124 significantly inhibited breast cancer cell proliferation and migration by targeting snail family zinc finger 2 (SNAI2) via its 3'-untranslated region (3'-UTR). Its expression was inversely correlated with SNAI2 mRNA expression level in breast tissue specimens. Furthermore, knockdown of SNAI2 inhibited the proliferation and migration of breast cancer cells. Together, these data suggest that miR-124 may function as a tumor suppressor that targets SNAI2 to influence the proliferation and migration of breast cancer cells. RNA isolation and qPCR. Total RNA in tissues and cell lines was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. RNA was also isolated with TRIzol reagent from cell lines transfected with miR-124 mimics and NC miR-mimics for 24, 48 and 72 h. To measure miR-124 RNA expression, qPCR was performed using a SYBR-Green containing PCR kit (GenePharma). For detection of SNAI2 mRNA, cDNA was synthesized from 1 µg total RNA using the reverse transcription kit in accordance with the manufacturer's instructions (Thermo Fisher Scientific). Then, qPCR was performed using UltraSYBR Mixture (with ROX) assay kits (CWBio, Beijing, China) according to the manufacturer's instructions. The CFX-96 real-time fluorescence thermal cycler (Bio-Rad, NJ, USA) was used for the quantitative detection of miRNA and mRNA. The relative expression levels of miRNA and mRNA were normalized to the expression of U6 snRNA and β-actin mRNA, respectively. The expression of each gene was quantified by measuring cycle threshold (Ct) values and normalized using the 2 -ΔCt or 2 -ΔΔCt
MicroRNA
Ct method relative to U6 snRNA or β-actin mRNA. All of the primer sequences are listed in Table II .
Cell proliferation assay. Twenty-four hours after transient transfection with miR-124 mimics or NC miR-mimics or after knockdown of SNAI2, MCF-7 breast cancer cells were harvested and sub-cultured in 96-well plates. Cell proliferation was assessed using thiazolyl blue tetrazolium bromide assay (MTT; Amresco, Radnor, PA, USA) according to the manufacturer's instructions. Briefly, MTT reagent (20 µl) was added to each well and incubated at 37˚C for 4 h. Then, the reagent was removed and dimethyl sulfoxide (150 µl) was added to each well. Absorbance at 492 nm was measured using the FLx800 fluorescence microplate reader (BioTek, Winooski, VT, USA).
The experiment was performed in triplicate and repeated three times. The data are summarized as means ± standard error of the mean (SEM).
Colony formation assay. MCF-7 breast cancer cells were transfected as described above in the presence or knockdown of SNAI2, seeded into 12-well plates (0.3x10 3 cells/well), and incubated for 10 days. Then, cells were fixed and stained, followed by colony counting. The experiment was performed in triplicate, with data summarized as means ± SEM.
Wound healing assay. MCF-7 breast cancer cells were seeded into 6-well plates, transiently transfected as previously described to overexpress miRNA or knockdown SNAI2, and then allowed to grow until 100% confluent. Next, the cell layer was scratched through the central axis using a sterile plastic tip, and loose cells were washed away with phosphate-buffered saline. Wound healing was observed and photographed at 0 and 48 h in three randomly selected microscopic fields for each condition and time-point. The degree of motility 48 h after confluent cells had been scratched was expressed as the percentage of wound closure calculated as follows: (Distance of cell migration at 48 h/distance of scratch at 0 h) x 100%. The experiment was performed in triplicate and data are summarized as means ± SEM.
Cell migration and invasion assays. The cell migration assay was performed using Transwell inserts (Corning, Blacksburg, VA, USA), and the cell invasion assay was performed with the CytoSelect 24-well cell invasion assay kit (Cell Biolabs, Inc., San Diego, CA, USA) according to the manufacturer's instructions. The cells were transiently transfected as previously described to overexpress miRNA or knockdown SNAI2. Beginning 48 h after transfection, cells were starved in L-DMEM without FBS for 2 h, and 5x10 4 cells were resuspended in 0.1 ml L-DMEM without FBS and seeded in the upper chamber of a Transwell insert. Then, L-DMEM containing 20% FBS was added to the lower chamber as a chemoattractant. To measure the effects of miR-124 or SNAI2 on MCF-7 migration and invasion potential, the cells in the upper chamber were cultured for 14 h at 37˚C in humidified 5% CO 2 . Cells that had migrated to the lower chamber were fixed and stained with 0.1% crystal violet. Three low-magnification areas (x100) were randomly selected, and the number of migrated or invasive cells was counted. All of the experiments were performed in triplicate, and data are summarized as means ± SEM.
Western blot analysis. For protein expression analyses, standard western blotting was performed. Whole cell protein lysates were electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide gels and transferred onto polyvinylidene fluoride membranes (Beyotime Institute of Biotechnology, Shanghai, China). The membranes were blocked in 5% skimmed milk/Tris-buffered saline (20 mM Tris-HCl pH 7.4, 150 mM NaCl, with 0.1% Tween-20; Tris-buffered saline with Tween-20, TBST) at room temperature for 1 h and incubated with primary antibodies at 4˚C overnight. The antibodies were anti-SNAI2 (1:1,000) and anti-glyceraldehyde 3-phosphate dehydrogenase (1:1,000), all purchased from Cell Signaling Technology, Inc. (Boston, MA, USA). The next day, the membranes were washed with TBST, and then incubated with horseradish peroxidase-linked secondary antibody (anti-rabbit IgG, 1:1,000; Cell Signaling Technology, Inc.). The protein bands were developed with enhanced chemiluminescence reagents (Beyotime Institute of Biotechnology).
Dual-luciferase reporter assay. Putative miR-124 binding sites in the 3'-UTR of the SNAI2 mRNA was synthesized and inserted into the XbaI and FseI sites of the pGL3-control vector (Promega, Madison, WI, USA). These constructs were named pGL3-SNAI2-wt and pGL3-SNAI2-mut. For the reporter assay, 293T cells were plated onto 24-well plates and transfected into pGL3-SNAI2-wt or pGL3-SNAI2-mut and pLL3.7-miR-124 or pLL3.7-miR-control vector using Lipofectamine ® 2000 according to the manufacturer's instructions. The Renilla luciferase vector pRL-SV50 (Promega) was also co-transfected to normalize the differences in transfection efficiency. After transfection for 48 h, cells were harvested and assayed with the Dual-Luciferase Reporter assay system (Promega) according to the manufacturer's instructions. The experiment was performed in triplicate and data are summarized as means ± SEM.
Statistical analysis. For statistical analyses, mean values ± SEM were generated from several repeats of each experiment. The P-values were obtained from t-tests with paired or unpaired samples and P<0.05 was considered statistically significant. The correlation between miR-124 and SNAI2 expression was analyzed using Spearman correlation and P<0.05 was considered statistically significant.
Results

miR-124 is decreased in breast cancer tissues and cells.
To investigate the role of miR-124 in the initiation and progression of human breast cancer, we used qPCR to determine miR-124 levels in 30 breast cancer tissues and adjacent normal breast tissues. As shown in Fig. 1A , the expression of miR-124 was significantly reduced in cancer tissues compared to adjacent normal tissues (P<0.001). We further evaluated the expression levels of miR-124 in breast cancer cell lines, and found that its expression was decreased to varying degrees in the three tested breast cancer cell lines compared to MCF-10A (P<0.001), an immortalized breast epithelial cell line (Fig. 1B) . These results indicate that the reduced miR-124 expression is a frequent event in human breast cancer tissues and cells, and may play a role in breast carcinoma progression. We selected the MCF-7 breast cancer cell line for subsequent experiments.
miR-124 inhibits breast cancer cell proliferation, colony formation, migration, and invasion.
To confirm the function of miR-124, we transfected miR-124 mimics or negative control sequences into MCF-7 breast cancer cells. Transfection efficiency was estimated by fluorescence microscopy 6 h after transfection, and miR-124 expression was determined by qPCR at 24, 48 and 72 h. The results showed that the miR-124 mimics significantly increased miR-124 RNA expression in these cells (Fig. 2A) . The functional analyses showed a significant decrease in cell proliferation (Fig. 2B) , colony formation (Fig. 2C) , migration ( Fig. 2D and E) , and invasion (Fig. 2F ) in cells transfected with miRNA-124 mimics compared to those transfected with NC-miR mimics (P<0.001).
SNAI2 is a target gene of miR-124.
We performed bioinformatic analyses to identify the target genes of miR-124 using the miRanda (www.microrna.org) database, and found that SNAI2 is targeted by miR-124. SNAI2 has three potential complimentary binding sites for miR-124 within its 3'-UTR (Fig. 3A) . Based on these results, we used qPCR to examine the expression level of SNAI2 mRNA in breast cancer tissue specimens and cell lines. We observed that decreased miR-124 expression is associated with increased SNAI2 mRNA levels (r=-0.6694, P<0.001) in patients with breast -∆∆Ct values ± SEM; *** cancer ( Fig. 3B and C) . We performed western blot analysis to assess the effects of miR-124 on SNAI2 expression, and found that SNAI2 protein expression was decreased in MCF-7 cells after treatment with miR-124 mimics compared to the control (Fig. 3D ). We used a luciferase assay to determine if miR-124 directly regulates SNAI2, and found that the relative luciferase activities were significantly decreased in the HEK293T cells (P<0.001) (Fig. 3E) . These data show that SNAI2 is a target gene of miR-124.
SNAI2 promotes breast cancer cell proliferation, colony formation, migration, and invasion.
To evaluate the effects of SNAI2 on breast cancer cells, we suppressed SNAI2 by shRNA (Fig. 4A) . Compared to the negative controls, cell proliferation, colony formation, migration, and invasion were significantly suppressed when cells were treated with shRNA (P<0.01, P<0.001) (Fig. 4B-E ). These data demonstrate that SNAI2 promotes breast cancer cell proliferation, colony formation, migration, and invasion.
Discussion
Breast cancer is a common and highly lethal malignancy (23) . As many as 1.2 million women worldwide are diagnosed each year, and approximately 500,000 women die annually from this disease (24) . The incidence of breast cancer accounts for 7-8% of the total number of malignant tumors (25) . Metastatic progression of breast cancer is a complex and clinically daunting process (26) (27) (28) (29) . Breast cancer is both genetically and histopathologically heterogeneous. Although many molecular triggers play a vital role in breast cancer development, the mechanisms underlying this process remain largely unknown. However, an understanding of these mechanisms is crucial for developing effective treatments for this disease.
miRNAs are small noncoding RNAs that usually negatively regulate gene expression by degrading target mRNAs, inhibiting the translation of these mRNAs, or both (30) . Many studies have demonstrated that miRNAs can function as oncogenes or tumor suppressors, and are often dysregulated in tumors (31) . miRNAs play a vital role in many crucial cellular processes, including apoptosis, differentiation, invasion, and proliferation (32) (33) (34) . The abnormal expression of miRNA has been reported in many cancers, including breast (35) , gastric (36) , colorectal (37) , and liver cancers (38) , as well as leukemia (39) and lymphoma (40) . miR-124 has been described as a brain-specific miRNA in mammals, and may play a role in defining and maintaining neuron-specific characteristics (41, 42) . It has also been reported to function as an important regulator of many human cancers (43, 44) . In particular, recent studies have indicated that miR-124 targets specific genes to regulate proliferation and migration in breast cancer (45) (46) (47) .
In this study, we showed that the expression level of miR-124 was significantly decreased in human breast cancer tissues compared to adjacent normal tissues. To determine the role of miR-124 in breast cancer, we transfected miR-124 mimics into breast cancer cells to induce its overexpression. The exogenous overexpression of miR-124 significantly inhibited the cell growth, as indicated by MTT and colony formation assays. Moreover, cell migration and invasion were also significantly decreased by the overexpression of miR-124 in breast cancer cells, as shown by wound healing and Transwell migration assays.
Next, we used online biological software to predict that SNAI2 is a potential target gene of miR-124. SNAI2, a member of the snail family of C 2 H 2 -type zinc-finger transcription factors, promotes epithelial-mesenchymal transition and has antiapoptotic activity (48) . These data demonstrate that SNAI2 is a direct target of miR-124, and that miR-124-mediated inhibition of SNAI2 is dependent on a conversed motif in the 3'-UTR of SNAI2. Recent independent studies have shown that the overexpression of SNAI2 alters cell invasion, motility, chemoresistance, metastasis, and poor prognosis in several human cancers (49) (50) (51) (52) . Furthermore, we showed that the proliferation and migration of breast cancer cells were reduced by inhibiting SNAI2 with shRNA, consistent with the aforementioned conclusion that SNAI2 promotes tumor development. In conclusion, our observations suggest that a low level of miR-124 expression may result in the elevated expression of SNAI2. Increased SNAI2 levels would allow breast cancer cells to proliferate and migrate, and would favor tumor progression. Additionally, our results showed that miR-124 inhibited breast cancer cell proliferation and migration by regulating SNAI2 expression. Our findings may advance our understanding of the complex molecular mechanisms underlying the development and maintenance of miR-124-SNAI2 levels that are associated with breast cancer. Based on these data, we suggest that the restoration of miR-124 activity may represent an attractive strategy for breast cancer therapy, and future studies should be focused on this area.
